Two forage sorghum genotypes were studied: CSF18 (salt-sensitive) and CSF20 (salt-tolerant). Shoot growth reduction as a result of salt stress was stronger in the salt sensitive genotype compared to the salt tolerant one. When the two genotypes were subjected to salt stress (75 mM NaCl) no significant change in lipid peroxidation was observed. However, salt stress induced increases in superoxide dismutase and catalase activities in both genotypes. These salt-induced increases were higher in the salt-tolerant genotype. Peroxidase activity was differentially affected by salt stress in the two genotypes. The activities of these peroxidases were decreased by salt stress in the salt-sensitive genotype and increased in the salt-tolerant genotype. In addition, the activity ratio between the superoxide dismutase and the H 2 O 2 -scavenging enzymes was higher in the salt-sensitive genotype. The results obtained support the hypothesis that the higher efficiency of the antioxidant-enzymatic system of the CSF20 genotype could be considered as one of the factors responsible for its tolerance to salt stress. Therefore, it is suggested that the ratio between superoxide dismutase and H 2 O 2 -scavenging enzyme activities could be used as a working hypothesis for a biochemical marker for salt tolerance in sorghum. Key words: Sorghum bicolor, antioxidant-enzymatic system, lipid peroxidation, oxidative stress, salinity.
INTRODUCTION
Salinity tolerance has been studied in relation to regulatory mechanisms of osmotic and ionic homeostasis (Ashraf and Harris, 2004) . Salt stress, like other abiotic stresses, can also lead to oxidative stress through the increase in reactive oxygen species (ROS), such as superoxide (O 2 •-), hydrogen peroxide (H 2 O 2 ) and hydroxyl radicals (OH • ), which are highly reactive and may cause cellular damage through oxidation of lipids, proteins and nucleic acids (McKersie and Leshem, 1994; Pastori and Foyer, 2002; Apel P. H. A. COSTA et al. and Hirt, 2004) . To minimize the effects of oxidative stress, plant cells have evolved a complex antioxidant system, which is composed of low-molecular mass antioxidants (glutathione, ascorbate and carotenoids) as well as ROS-scavenging enzymes, such as: superoxide dismutase (SOD), calatase (CAT), ascorbate peroxidase (APX), guaiacol peroxidase (GPX), and glutathione reductase (GR) (Alscher et al., 1997; Apel and Hirt, 2004) . ROS-scavenging enzymes are present in different cellular compartments as isoenzymes (Asada, 1992; Alscher et al., 2002; Shigeoka et al., 2002; Apel and Hirt, 2004) . The generation of ROS and increased activity of many antioxidant enzymes during salt stress have been reported in cotton (Gosset et al., 1994) , mulberry (Sudhakar et al., 2001) , wheat (Sairam et al., 2002) , tomato (Mittova et al., 2002) , rice (Vaidyanathan et al., 2003) , sugar beet (Bor et al., 2003) , and maize (Azevedo Neto et al., 2005a) . Most of the data from these studies suggest a correlation between stress tolerance and the presence of an efficient antioxidant system. However, this salt-tolerance mechanism is still not fully understood. Although there are several papers dealing with salt tolerance in sorghum (Bernstein et al., 1995; Lacerda et al., 2001; 2005) , no reference dealing with oxidative damage induced by salinity in this species was found. A comparison of the antioxidant responses of forage sorghum genotypes exhibiting differential tolerance to salt stress could contribute to the understanding of the physiological and biochemical mechanisms of protection against salt-induced oxidative damage. Therefore, the present study was conducted to investigate the role of the antioxidant-enzymatic system in relation to salt tolerance in forage sorghum genotypes.
MATERIAL AND METHODS
Plant material and salinity treatments: Seeds of two forage sorghum genotypes [Sorghum bicolor (L.) Moench], CSF20 (salt-tolerant) and CSF18 (salt-sensitive) as determinated by Lacerda et al. (2001) , were sown in trays containing vermiculite and irrigated daily with distilled water. Eightday-old seedlings were transferred to trays containing nutrient solution (Clark, 1975) and eleven days later transferred to 3 L plastic pots containing nutrient solution, without (control treatment) or with 75 mM NaCl (saline treatment). Salt additions (25 mM NaCl per day) began upon transplantation into the plastic pots.
Growth measurements: Plants were harvested seventeen days after the start of NaCl additions, and shoot and roots were separated. Leaf area was determined using a Li-Cor area meter LI-3000 (Li-Cor., Inc., Lincoln, Nebraska, USA). The first fully expanded leaf starting from shoot apex and roots were frozen in liquid nitrogen, lyophilized, weighed, ground to a powder, and kept in a freezer (-20 o C) for further analyses. The rest of the plant material was weighed after drying in a forced air circulation oven at 65 o C for 72 h. The experiment was carried out under greenhouse conditions. The mean values of temperature, air relative humidity and the photosynthetic active radiation at midday were 27 ± 4.2 o C, 65 ± 12.2 % and 1200 ± 326 μmol.m −2 .s −1 , respectively.
Preparation of extracts:
Lyophilized leaf (0.20 g) and root (0.15 g) powders were homogenized in a mortar and pestle with 4 mL of ice-cold extraction buffer (100 mM potassium phosphate buffer, pH 7.0, 0.1 mM EDTA). Although the inclusion of ascorbate in the APX extraction media is recommended (Asada, 1992) , preliminary experiments have shown that its absence did not alter APX activity. For this reason, ascorbate was omitted from the extracting buffer. The homogenate was filtered through muslin cloth and centrifuged at 16,000 g n for 15 min. The supernatant fraction was used as a crude extract for lipid peroxidation and enzyme activity assays. All operations were carried out at 4 o C, and one extract was made per plant part.
Lipid peroxidation: Lipid peroxidation was determined by measuring the amount of malondialdehyde (MDA) produced by the thiobarbituric acid reaction as described by Heath and Packer (1968) . The crude extract was mixed with the same volume of a 0.5% (w/v) thiobarbituric acid solution containing 20 % (w/v) tricholoroacetic acid. The mixture was heated at 95 o C for 30 min and then quickly cooled in an icebath. The mixture was centrifuged at 3,000 g n for 5 min and the absorbance of the supernatant measured at 532 and 600 nm. The MDA concentration was determined by dividing the difference in absorbance (A 532 -A 600 ) by its molar extinction coefficient (155 mM -1 .cm -1 ), and the results expressed as μmol.g -1 dry mass (DM).
Enzyme assays: Specific SOD (EC 1.15.1.1) activity was determined by measuring its ability to inhibit the photochemical reduction of nitroblue tetrazolium chloride, as described by Giannopolitis and Ries (1977) . The assay mixture consisted of 50 μL of the enzyme extract, 50 mM phosphate buffer (pH 7.8), 0.1 μM EDTA, 13 mM methionine, 75 μM nitroblue tetrazolium and 2 μM riboflavin in a total volume of 1.5 mL. Riboflavin was added last and tubes were shaken and placed under fluorescent lighting from two 20 W tubes. The reaction was allowed to proceed for 15 min, after which the lights were switched off and the tubes covered with a black cloth. Absorbance of the reaction mixture was read at 560 nm, and one unit of SOD activity (U) was defined as the amount of enzyme required to cause 50 % inhibition of the nitroblue tetrazolium photoreduction rate. The results were expressed as U.mg −1 protein.
Specific CAT (EC 1.11.1.6) activity was measured according to Beers and Sizer (1952) , with minor modifications. The assay mixture consisted of 50 μL of the enzyme extract, 100 mM phosphate buffer (pH 7.0), 0.1 μM EDTA, and 20 mM H 2 O 2 in a total volume of 1.5 mL. The decrease of H 2 O 2 was monitored by reading the absorbance at 240 nm at the moment of H 2 O 2 addition and 1 min later. The difference in absorbance (ΔA 240 ) was divided by the H 2 O 2 molar extinction coefficient (36 M −1 .cm −1 ) and the enzyme activity expressed as μmol of H 2 O 2 min −1 .mg −1 protein.
Specific APX (EC 1.11.1.1) activity was assayed according to Nakano and Asada (1981) . The assay mixture consisted of 50 μL of the enzyme extract, 50 mM phosphate buffer (pH 6.0), 0.1 μM EDTA, 0.5 mM ascorbate, and 1.0 mM H 2 O 2 in a total volume of 1.5 mL. Ascorbate oxidation was monitored by reading the absorbance at 290 nm at the moment of H 2 O 2 addition and 1 min later. The difference in absorbance (ΔA 290 ) was divided by the ascorbate molar extinction coefficient (2.8 mM -1 .cm -1 ) and the enzyme activity expressed as μmol of H 2 O 2 min −1 .mg −1 protein, taking into consideration that 1.0 mol of ascorbate is required for the reduction of 1.0 mol of H 2 O 2 (McKersie e Leshem, 1994) .
Specific GPX (EC 1.11.1.7) activity was determined as described by Urbanek et al. (1991) . The assay mixture consisted of 50 μL of the enzyme extract, 100 mM phosphate buffer (pH 7.0), 0.1 μM EDTA, 5.0 mM guaiacol, and 15.0 mM H 2 O 2 in a total volume of 2.0 mL. Guaiacol oxidation (tetraguaiacol formation) was monitored by reading the absorbance at 470 nm at the moment of H 2 O 2 addition and 1 min later. The difference in absorbance (ΔA 470 ) was divided by the tetraguaiacol molar extinction coefficient (26.6 mM −1 .cm −1 ) and the enzyme activity expressed as μmol of H 2 O 2 min −1 .mg −1 of protein, taking into consideration that 4.0 mol of H 2 O 2 are reduced to produce 1.0 mol of tetraguaiacol (Plewa et al. 1991) .
Specific GR (EC 1.6.4.2) activity was assayed as described by Foyer and Halliwell (1976) , with minor modifications. The assay mixture consisted of 50 μL of the enzyme extract, 100 mM phosphate buffer (pH 7.8), 0.1 μM EDTA, 0.05 mM NADPH, and 3.0 mM oxidized glutathione in a total volume of 1.0 mL. NADPH oxidation rate was monitored by reading the absorbance at 340 nm at the moment of H 2 O 2 addition and 1 min later. The difference in absorbance (ΔA 340 ) was divided by the NADPH molar extinction coefficient (6.22 mM −1 .cm −1 ) and the enzyme activity expressed as μmol of NADPH min −1 .mg −1 protein.
In all the enzyme assays protein was determined by the method of Bradford (1976) using bovine serum albumin (Sigma-Aldrich Co., USA) as standard.
Experimental design: The experimental design was a completely randomized 2 (genotypes) x 2 (salt levels) factorial, with five replicates of one plant each. For each one of the enzyme assays five replicate extracts were used of each plant part, and the assays carried out in duplicate. The data were expressed as the means ± standard deviation. Figure 1 shows that salt stress induced a reduction in both shoot dry mass and leaf area of both salt-sensitive and salt-tolerant genotypes. Leaf area was reduced by 38.4 and 27.8 %, while the reductions in shoot dry mass were 31.2 and 18.1 %, in salt-sensitive and salt-tolerant genotypes, respectively. Root dry matter was not affected by salt stress in both salt-sensitive and salt-tolerant genotypes (data not shown).
RESULTS
Lipid peroxidation, assessed through malondialdehyde (MDA) content (figure 2), was higher in leaves than in roots independent of the treatment and genotype. However, it was not affected by salt stress, either in leaves or roots from plants of both genotypes. Superoxide dismutase (SOD) activity, on the other hand, increased in both salt-sensitive and salt-tolerant genotypes in response to salt stress (figure 2). Leaf-SOD activity from stressed plants was 49.5 and 38.2 % higher than in the controls for the salt-sensitive and salt-tolerant genotypes, respectively. Root-SOD activity values from plants of the saline treatment were higher than those of leaf-SOD from stressed plants of both genotypes. Consequently, the increases in root-SOD activities due to salt-stress were 128.5 % and 218.8 % in salt-sensitive and salt-tolerant genotypes, respectively.
Salt stress did not affect leaf-CAT activity (figure 3) in plants of the salt-sensitive genotype, but induced a 682.8 % increase in activity of this enzyme in plants of the salttolerant genotype. Root-CAT activity increased in both genotypes as a result of salt stress. The increase in the saltsensitive genotype was 302.9 % and that of the salt-tolerant genotype 773.5 %. In addition to CAT, the activities of peroxidases (that also decompose H 2 O 2 ) were studied. Leaf-APX activity (figure 3) decreased 48.9 % and increased 476.1 % as a result of salt stress, in salt-sensitive and salt-tolerant genotypes, respectively. Root-APX activity in plants of the salt-sensitive genotype was not affected by salt stress, but there was an increase of 18.9 % when plants from the salt-tolerant genotype were salt-stressed. With regard to leaf-GPX activity (figure 4), salt stress induced a reduction of 44.8 % and an increase of 58.6 % for salt-sensitive and salt-tolerant genotypes, respectively. Root-GPX activity was reduced 50.6 % as a result of salt stress in the salt-sensitive genotype, but it was not affected by the same stress in the salt-tolerant one.
The antioxidant enzyme activity values were higher in roots than in leaves (figures 3 and 4), except for leaf-GR activity that was always higher than in the roots for both control and saline treatments, as well as for salt-sensitive and salt-tolerant genotypes (figure 4). Both leaf and root-GR activities were not affected by the salinity treatment in both genotypes. SOD activities in the control treatment were slightly higher in leaves than in roots, while in the saline treatment they were slightly higher in roots for both sensitive and tolerant genotypes (figure 2).
The relationship between the H 2 O 2 -producing activity and the total H 2 O 2 -scavenging activities [SOD/ (CAT+APX+GPX) activity ratio] is shown in figure 5 . While there was a 209.7 % increase in this ratio in leaves of the 
DISCUSSION
It has been demonstrated that salinity induces oxidative stress in plant tissues, and lipid peroxidation has frequently been used as an indicator of oxidative stress when plants are subjected to salinity. This has been shown for Morus alba (Sudhakar et al., 2001) , Lycopersicon esculentum (Mittova et al., 2002) , Beta vulgaris (Bor et al., 2003) , Oryza sativa (Vaidyanathan et al., 2003) , and Gossypium hirsutum (Meloni et al., 2003) . Our data are in disagreement with this idea mainly because we found no difference in either leaf or root lipid peroxidation between the control and saline treatments in plants of both salt-tolerant and salt-sensitive forage sorghum genotypes (figure 2). Similar results were obtained when sorghum plants were subjected to water stress (Zhang and Kirham, 1996) , suggesting that lipid peroxidation cannot be regarded as the universal marker for water or salt tolerance in all plant species. However, lipid peroxidation is not the only oxidative stress damage, because reactive oxygen species (ROS) may also damage macromolecules such as DNA and proteins (Alscher et al., 1997; Pastori and Foyer, 2002) . Therefore, one cannot exclude the possibility of oxidative damage involving other biomolecules, such as chlorophyll. The decrease in chlorophyll content of sorghum leaves as a result of salinity, especially in the salt-sensitive genotype (Lacerda et al., 2003) could be a result of oxidative damage.
To overcome the effects of salinity-induced oxidative stress, plants make use of a complex antioxidant system. Relatively higher activities of ROS-scavenging enzymes have been reported in tolerant genotypes when compared to susceptible ones, suggesting that the antioxidant system plays an important role in plant tolerance against environmental stresses. In the present study, a significant increase in leaf-and root-SOD activity was observed in both sorghum genotypes under saline conditions (figure 2), suggesting that SOD may function as a ROS scavenger, by converting O 2
•-to H 2 O 2 (Alscher et al., 2002) . Recent studies have demonstrated that overexpression of mitochondrial Mn-SOD in transgenic Arabidopsis thaliana (Wang et al., 2004) and chloroplastic Cu/Zn-SOD in transgenic Nicotiana tabacum (Badawi et al., 2004a) can provide enhanced tolerance to salt stress. Similar results have been found in Morus alba (Sudhakar et al., 2001) , Triticum aestivum (Sairam et al., 2002) , and Lycopersicon sp (Mittova et al., 2002) . Even though a high SOD activity protects the plant against the superoxide radical, it cannot be considered solely responsible for membrane protection against peroxidation because it converts O 2
•-to H 2 O 2 , which is also a ROS. This ROS should be then scavenged by other enzymes, such as catalase and peroxidases. The fact that leaf CAT activity of the salt-sensitive genotype in the control treatment was higher than in the tolerant genotype (figure 3) could be the result of genetic differences. However, when the plants were subjected to salt stress the increases in CAT activity were higher in the tolerant than in the sensitive genotype. Our results do show that leaf-and root-CAT activities increase with salt stress, and that this increase is more conspicuous in the salt-tolerant than in the salt-sensitive genotype (figure 3). Similar results have been observed when Beta maritime (halophyte) and the non-halophyte Beta vulgaris were studied (Bor et al., 2003) , and when comparisons were made between genotypes of rice (Sudhakar et al., 2001 ) and wheat (Sairam et al., 2002) , differing in salt tolerance. In addition to CAT, the activities of the peroxidases APX (figure 3) and GPX (figure 4) from both sorghum genotypes were also affected by salt stress. Salt stress either decreased (leaf-APX, leaf-and root-GPX) or did not affect (root-APX) the activities of these peroxidases in the salt-sensitive genotype, but in the salt-tolerant one there were increases in the activities of both leaf-and root-APX and of leaf-GPX, suggesting a strong correlation between salt tolerance and peroxidase activities. The same correlation was found for other plant species (Mittova et al., 2002; Harinasut et al., 2003) , and the overexpression of cytosolic APX in tobacco chloroplasts enhanced the tolerance to salt stress, as determined by net photosynthesis (Badawi et al., 2004b) . However, others have not found the same correlation between increase in peroxidase activity and salt tolerance (Siegel et al., 1982; Dionisio-Sese and Tobita, 1998) . It is note worth that the contribution of GPX for the total H 2 O 2 -scavenging activity was about 43.1% in the leaves and 98.1 % in the roots for the salt-sensitive genotype, while for the salt-tolerant genotype it was 58.3 and 98.7 % in leaves and roots, respectively. Since APX and GR are key enzymes of the ascorbateglutathione cycle (Noctor and Foyer, 1998) , this pathway could be a potential mechanism for sorghum acclimation or P. H. A. COSTA et al. adaptation to salt stress. Even though in some species salt tolerance was associated with increases in both APX and GR activities (Bor et al., 2003; Harinasut et al., 2003) , the same was not observed here. The increases observed in APX activity for the salt-tolerant genotype (figure 3) were not followed by GR activity (figure 4). These discrepancies could be related to the complexity of this cycle, that have enzymes coded by multigenic families whose products are localized in different cell compartments, and are regulated differently by stress conditions. For instance, in the cytosolic fraction of sorghum leaves subjected to water stress there was a decrease in monodehydroascorbate reductase (MDHAR) activity, and increased dehydroascorbate reductase (DHAR) activity (Zhang and Kirkham, 1996) . In chloroplasts isolated from Lycopersicon pennellii plants and subjected to salt stress, MDHAR activity increased, GR remained unchanged, and that of DHAR was reduced (Mittova et al., 2002) . In addition, the unchanged value in total enzyme activity may be masked by the differential contribution of the different isoforms present. Therefore, the relative importance of each enzyme of this cycle to salt tolerance still remains to be evaluated. The discrepancies in the data related in this paper could be also due to the fact that salt stress tolerance, besides being multigenic, is dependent upon plant species, stress intensity and duration, and interactions with several environmental factors (Flowers, 2004; Ashraf and Harris, 2004) .
Although SOD is not the only H 2 O 2 -producing enzyme in plant tissues, the balance between the activity of this enzyme and that of the H 2 O 2 -scavenging enzymes in cells has been considered to be crucial in determining the levels of O 2
•-and H 2 O 2 (Badawi et al., 2004a) . It was observed that SOD/(CAT+APX+GPX) leaf-activity ratio of the salt-sensitive genotype increased with salt stress, but when the salt-tolerant genotype was subjected to salt stress this ratio did not change (figure 5). The SOD/(CAT+APX+GPX) root-activity ratio increased in both genotypes in response to salt stress, however the highest increase was observed in the salt-sensitive genotype (figure 5). These results showed a strong correlation between salt tolerance and the antioxidant-enzymatic system, suggesting that the balance between the activity of H 2 O 2 -producing enzymes and that of the H 2 O 2 -scavenging enzymes plays an important role in providing a plant defense mechanism against salt-induced oxidative damage. Therefore, the induction of this antioxidative defense mechanism could be assumed to reflect a plant response required to overcome oxidative threats imposed by the environmental constraints. In fact, the H 2 O 2 pre-treatment under growth conditions induced the antioxidant enzyme activities and enhanced salt tolerance in rice (Uchida et al., 2002) and maize (Azevedo Neto et al., 2005b) . The fact that the salttolerant genotype (CSF20) accumulates less Na + and Cl − in the leaves and maintains high levels of K + under salinity conditions, thus maintaining a suitable Na + /K + ratio (Lacerda et al., 2003) could well be related to the greater protection against the formation of ROS presented by this genotype. This protection would help maintain membrane integrity, and consequently account for the maintenance of K + -uptake and Na + -exclusion systems of the leaves.
In conclusion, the tolerance of the CSF20 genotype to salinity seems to be related to the efficiency of the antioxidant-enzymatic system against ROS accumulation, which would maintain the redox homeostasis and integrity of cellular components. Even though GPX has been attributed a major role as antioxidant enzyme in sorghum plants, it is the coordinated action of the several antioxidant enzymes that appears to play a key role in salt tolerance in this species. Although the results represent the situation at the end of the experimental period, and no data is available along plant development, they support the hypothesis that the higher efficiency of the antioxidant-enzymatic system of the CSF20 genotype could be considered as one of the factors responsible for its tolerance to salt stress. They also suggest that the ratio between SOD and H 2 O 2 -scavenging enzyme activities might be useful as a biochemical marker for salt tolerance in sorghum.
